Abstract: Brick constitutes a significant part of the construction materials used in historic buildings around the world. This material was used in Architectural Heritage for structural scope, and even for building envelopes. Thus, components made of clay brick were subjected to weathering for a long time, and this causes their deterioration. One of the most important causes for deterioration is biodeterioration caused by algae and cyanobacteria. It compromises the aesthetical properties, and, at a later stage, the integrity of the elements. In fact, traditional products used for the remediation/prevention of biofouling do not ensure long-term protection, and they need re-application over time. The use of nanotechnology, especially the use of photocatalytic products for the prevention of organic contamination of building façades is increasing. In this study, TiO2-based photocatalytic nano-coatings were applied to ancient brick, and its efficiency towards biofouling was studied. A composed suspension of algae and cyanobacteria was sprinkled on the bricks' surface for a duration of twelve weeks. Digital Image Analysis and colorimetric measurements were carried out to evaluate algal growth on specimens' surfaces. Results show that photocatalytic nano-coating was able to inhibit biofouling on bricks' surfaces. In addition, substrata (their porosity and roughness) clearly influences the adhesion of algal cells.
Introduction
Fired clay bricks were used in masonry, roofing, cladding and ornamentation as a building material from antiquity, and it has been used throughout history until the present. Buildings and monuments with fired clay elements, whether in the form of bricks, wall and roofing tiles or floor tiles can be found throughout the world. A significant number of the architectural elements built with this material are part of our cultural heritage and, therefore, ought to be preserved since they have historical and artistic value.
Biodeterioration of architectural elements may results from their exposure to soil, water, wastewater, and waste products. When architectural materials are exposed to favourable conditions of light, temperature and moisture, the adhesion and growth of algae and cyanobacteria occurs (e.g., Chlorella mirabilis and Chroococcidiopsis fissurarum) [1, 2] , thus, leading to the occurrence of large amounts of biological matter [3] . The result is obviously in deterioration of appearance, but also in the performance and functionality of buildings and structures as they can become compromised. The importance of studying biofouling of building stone (both natural and man-made stones) led to the publication of many research paper and review articles [4] [5] [6] [7] .
Actually, traditional products used for remediation/prevention of biofouling do not ensure long-term protection, and they need re-application over time, increasing maintenance costs [8, 9] . Thus, special attention must be drawn to the prevention of biodeterioration of stone, concrete, bricks and mortar.
In this direction, self-cleaning and biocide coatings could improve the preservation of ancient and historical surfaces, both from the point of view of the maintenance of their original aesthetic aspect and in easier removal of external degrading agents, limiting cleaning and conservation actions, and, thus, reducing costs [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The state-of-the-art shows a limited nano-functionalization of elements made with materials used in the field of Architectural and the Archaeological Heritage.
In this study, the biofouling process on clay brick specimens was investigated and correlations between the properties of substrate and the bioreceptivity of material were found. In addition, the anti-biofouling efficiency of titanium dioxide (TiO2) was investigated by comparing nano-engineered bricks with original ones.
Experimental Section

Samples Preparation and Characterization
Twelve prismatic (80 × 80 × 30 mm 3 ) specimens were manually mixed and formed. After drying of the specimens, they were fired at 700 °C because this temperature allows the re-production of clay bricks with similar characteristics to ancient clay bricks, as previously tested [23] [24] [25] [26] . Table 1 shows tested specimens and their characteristics.
In order to evaluate the influence of surface roughness on the biofouling process, six specimens were manually smoothed (S) with sand paper, while the other six were left in their original (R) state. For each subgroup, three specimens were coated with a 1% (w/v) of TiO2 nanocoating aqueous solution, and three specimens remained uncoated and were, hence, used as control.
Total porosity and porous distribution of the clay brick specimens were measured onto five samples by mercury intrusion porosimeter (Micromeritics Autopore III). Porosimetry tests were conducted according to the ASTM D4404-10 standard [27] , while average surface roughness parameters (Ra) were evaluated according to European standards [28, 29] by using a Diavite DH-5 rugosimeter of a length of 1.34 cm, with a cut-off length of 0.8 mm.
Since biofouling causes aesthetical variation, mainly color variation, the original color of the specimens was measured by a CM2600d colorimeter (Konika Minolta Inc., Milan, Italy), using a daylight illuminant (D65) and a 10° observer angle [30] .
Nano-Coating Application and Accelerated Growth Test
TiO2 sol was composed of very fine anatase crystals with a crystallite size of 4 nm, as estimated by the elaboration of XRD patterns ( Figure 1 ). The solution (2 mL) was manually applied on fired clay bricks (after thermal treatment) with an air spray gun, with a nozzle of 0.8 mm diameter at a distance of approximately 250 mm. This deposition method allows the replication of a real, in situ application.
In order to perform the accelerated growth test, a water run-off test was carried out (for 12 weeks) inside a glass chamber in which specimens were positioned on two aluminum racks, front-to-front along the long dimensions of the chamber (scheme in Figure 2 ). Two test strains (Chlorella mirabilis and Chroococcidiopsis fissurarum) were selected for use in the accelerated growth tests, since they are typically found on building façades [2] .
Microalgae suspensions were inoculated at a concentration of 5% (v/v) into the chamber, containing forty liters of Bold's Basal Medium (BBM). In order to maintain the ideal growth conditions inside the chamber, the temperature of the broth culture was maintained at about 24 °C with a heater (Heather Bluclima 150 W) and daylight was provided by two 39 W neon lamps (Sylvania, model TopLife, Milan, Italy) with a light temperature of 500 K.
The samples were irradiated with an average UV intensity of 8 W/m 2 , provided by the two UV lamps (model TL-D Blacklight Blue 18 W, wavelength of 365 nm, Philips, Monza, Italy), which were placed on the lid of the chamber at the same distance from the two racks. During the light period of 14 h, both solar light and UV-A lamps were switched on, while for the remaining 10 h, all the lamps were turned off to simulate the night period.
The broth culture inside each glass chamber was sprinkled over the top of the specimens by two PVC tubes, joined to a pump, with a run/off cycle of 15 min, for a duration of 6 h (3 h run and 3 h off).
Evaluation of Biofouling on the Specimens
Two different techniques were used to evaluate the biofouling process on specimens' surfaces. Colorimetric analysis was used to evaluate the color variation during time, and Digital Image Analysis (DIA) of scanned images of the samples was used to measure the extension of algal coverage. Both quantitative analyses were carried out weekly during the duration of the accelerated growth test.
Color measurements were performed by using the same method described in Section 2.1, and color variation was calculated with well noted equation (Equation (1)). At the same time, the surfaces of specimens were digitized weekly by an office scanner at a resolution of 600 dpi. Acquired images were manipulated with a high-pass filter (threshold) to exclude the uncontaminated parts. Obtained images were binarized and only pixels contaminated by microalgae were counted. Extent of algal coverage was evaluated by ImageJ [31, 32] software that was able to return the percentage (0% = uncontaminated, 100% = completely contaminated) of area covered by microorganisms.
In order to avoid the influence of other changes in the material, specimens were dried for two hours before each measurement. In this way, color variation can be only associated to the growth of algal cells. Table 1 shows main parameters measured to characterize the material tested in this paper. TiO2 nano-film caused no significant color variation, indeed, the values of color coordinates L*, a* and b* of the treated specimens are very close to the values of the untreated ones. This first finding is 2 * * 0
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very important because it means the application of TiO2 sol is compatible with ancient buildings of cultural heritage. Figure 3 shows the difference between the profile of an original rough specimen and a smoothed one. In the first case, many asperities are visible in the image, while no asperity (or very few) is visible on the profile of smoothed specimen. Figure 4 shows deposition of nano-TiO2 crystals on a treated specimen. The average particle size, after TiO2 deposition, is around 40-50 nm, as shown in Figure 4 . Figure 5 shows the variation of biofouling during time, expressed as color variation and percentage of area covered by algal cells. Since color measurement and DIA can be considered as two complementary techniques [11, 21] (as visible in Figure 5) , discussion of the results will focus on the extent of algal coverage (Figure 5b ). By considering untreated specimens, it is possible to find a correlation between biofouling and the intrinsic characteristics of clay bricks. Biofouling on smoothed specimens (SU) was slower than that on rough specimens (RU). Algal coverage on the RU specimens reached 96% at the end of accelerated growth test, while it reached 73% in the case of the SU specimens. Thus, by reducing surface roughness, from about 8 µm to about 1 μm, algal coverage was reduced by more than 20%.
Results of Biofouling
The effect of TiO2 treatment was studied by comparing the RU-RT curve and the SU-ST curve. Figure 5b shows that the trend of treated smooth specimens' ST is always lower than trend of untreated smooth specimens' SU. In detail, the application of TiO2 nanoparticles allowed a reduction of algal coverage of about 40% (SU-ST) at the end of the accelerated biofouling test.
The efficiency of TiO2 nanofilm was not confirmed in case of roughness RT specimens, which show a very similar trend to that of the corresponding un-treated specimens (RU). This latter finding was caused by the synergic effect of porosity and roughness. Indeed, porosity was able to enhance the water (and nutrient) retention into the substrata, while roughness offers many asperities, where algal cells can anchor. Thus, rough specimens promote the adhesion and anchorage of algal cells better than smoothed specimens.
Conclusions
In this study, the correlation between intrinsic characteristics of clay brick and biofouling were investigated. In addition, the anti-biofouling efficiency of TiO2 was studied in order to improve the preservation of ancient and historical brick surfaces in regards to the maintenance of their original aesthetic aspect, limiting cleaning and conservation actions, and, thus, reducing costs.
The accelerated laboratory growth test performed in this study, and the methods used to collect data, were confirmed to be adequate enough to study biological fouling on ancient brick surfaces. Moreover, colorimetric analysis and DIA could be used in combination, being complementary. The influence of roughness and porosity play a key role in the biofouling process, and the TiO2 nanocoating treatment was proved to inhibit the biofouling of clay bricks irradiated with UV-A light, except in the case of the roughness of specimens. In the case of rough specimens, the high number of superficial asperities proved to promote the adherence of microalgae to the substratum, thus increasing the colonization rate and, hence, leading to a rapid coverage of the nanofilm, which could no longer be activated by UV light. Further research to optimize the TiO2 efficiency under the experimental conditions assayed are underway.
